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ABSTRACT

A portable high-frequency (HF) radio aperture up to 70 km in length
was synthesized by receiving ionospherically propagated signals in a
DC-3 airplane. By thus moving a small antenna rapidly over a long
distance, a narrow receiving beam width (high azimuthal resolution) was
achieved., It is believed that the synthetic aperture described here is
the first in the world developed for HF, although the concept has been
used successfully at microwave frequencies,

When HF radio signals are propagated by refraction from the
ionosphere, inhomogeneities in the electron density of the medium
distort the refracted signals and limit the azimuthal resolution which
can be achieved. Using a statistical model of the ionospheric distor-
tion a theoretical analysis was made to predict the performance of the
HF synthetic aperture, determine its limitations and compare its
performance with that of a ground-based fixed array.

Using continuous wave (CW) signals transmitted from a point 2600 km
to the east, it was shown that with compensation for the deviations of
the ajvplane from a straight line course, a 10 km aperture yielded a
1/12 deg beam width (at 23 MHz) for about 20 per cent of the data
tested, while a 5 km apexture yielded a 1/6 deg beam for about 50 per
cent of the data tested. Based on results obtained by receiving the
same signal at a fixed antenna on the ground, it is believed that both
spatial and temporal variations of the ionosphere were limiting the
achievable beam width. 1In another method of operation a sequence of
swept frequency CW (SFCW) signals was transmitted from California,
backscattered from ground areas 2600 km to the east, and received in
the airplane, thus yielding an HF reflectivity image of the area. An
HF repeater was located near the terrain to be imaged and was used as a
reference to compensate for flight-path deviations and ionospheric
distortion., A second repeater located 1000 m away from the reference
repeater was used to simulate a strong backscatter return. An HF back-
scatter map was made using a 70 km synthetic aperture which had a 500 m

range and a 500 m cross-range (lateral) resolution. The two repeaters
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were distinguishable in cross range. On the basis of the theoretical
analysis, and the characteristics of the two repeaters as revealed in
the backscatter map, it is believed that objects should be within 3 to

5 km of the reference repeater in order to be imaged without significant
distortion.

The above results were obtained on a midlatitude east-west path
which is known to have favorable characteristics. The data were taken
during a period of low magnetic activity and in general the ionosphere
was undisturbed,

It is concluded that aperture-synthesis techniques at HF are
particularly attractive for apertures of between 1 and 10 km in length.
For the shorter apertures, 1 to 3 km, it should be possible to obtain
full benefit of the aperture by using a medium-sized airplane and
simple processing techniques which would not compensate for course
deviations of the plane from a straight line., Longer apertures,

6 to 10 km, could be used effectively at least part of the time, if

compensation for course variations could be provided.
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I. INTRODUCTION

A. PURPOSE AND MOTIVATION

The purpose of this research was to explore the possibilities of
synthesizing an extremely long, high-frequency (HF) radio receiving
array. This synthetic aperture is used to obtain the narrow beam width
(high azimuthal resolution) possible with a large aperture by moving a
small antenna rapidly over a large distance. This was accomplished by
flying HF receiving equipment in an airplane over a path which formed
the center line of the synthetic array. A sequence of pulsed signals
propagated a long distance by means of an ionospheric reflection was
received by the plane in flight. The information received at each
position along the flight path was essentially equivalent to a signal
received by a hypothetical dipole of a fixed array at that position.

By receiving data in this manner in a plane traveling about 180 mph for
up to 20 minutes it should be possible to synthesize arrays up to 100 km
in length.

The investigation was undertaken because previous work in the
ionospheric propagation of HF signals had shown that at least under
favorable ionospheric conditions, the spread in azimuthal angle of
arrival caused by irregularities in the ionosphere was often smaller
than could be detected by arrays of the sizes used in the measurements.
Some of these measurements have been made on what is believed to be the
longest ground HF array now available, a 2.5 km phased array operated
by the Stanford Radioscience Laboratory1 at Los Banos, California. It
was hoped that the synthetic aperture technique would demonstrate that
apertures much longer than 2.5 km could be used at HF to form very
narrow beam widths. The synthetic-aperture concept is very attractive
at HF because of the large size of the physical structures otherwise
required to obtain very narrow beam widths. The cost and time of laying
cables for even a 10 km array are prohibitively large. The synthetic-
aperture technique has proven successful at microwave frequencies;

however, the use of this technique at HF poses many new problems because



of the much longer wave lengths and therefore the much longer arrays
which are required to obtain narrow azimuthal beams, and also because
of the inhomogeneous nature of the ionosphere, which has a pronounced
effect at HF.

There appear to be many potential applications for HF synthetic
apertures, such as obtaining more detailed backscatter images of the HF
reflectivity of the ground. It has been known for decades that HF radio
signals can be propagated via the ionosphere to distant regions of the
earth, scattered, and reflected back to a receiver near the source. For
even the best existing HF backscatter sounding systems, the cross-range
(measured perpendicular to signal path and is proportional to the angle
of arrival times the range) resolution (10,000 m at a range of 2600 km),
or detail obtained in this '"backscatter' process is about two orders of
magnitude less than the range resolution (measured parallel to signal
path and is proportional to signal delay) (300 m). The backscatter
records therefore contain only spatially averaged information about the
ground scattering characteristics,

Using a 100 km aperture, a cross-range resolution of about 500 m
at a range of 2600 km could theoretically be possible. With a cross-
range resolution and a range resolution of about 500 m each, it might
be possible to identify individual scatterers on the ground.

This research should also have implications regarding the ability
of fixed arrays on the ground to obtain much narrower beam widths than
previously demonstrated. There may be applications for which the cost
and complexity of a large fixed array would be warranted if some

assurance could be given that it would produce very narrow beam widths.

B. PREVIOUS WORK IN THE FIELD

Synthetic-aperture radars have been successfully used at microwave
frequencies for many years.z’ & These radars often operate at wave
lengths of a few centimeters and at a line-of-sight distance from the
terrain they image. They produce optical-quality radar reflectivity
maps at least as us:ful as optical photographs.

4
A synthetic aperture for HF has been proposed by Shearman, who



described an incoherent processing technique similar to the radio-
astronomy approach. The incoherent HF technique takes advantage of the
temporal variations of the ionosphere, requires a long averaging time,
and depends on the randomness of the phase fluctuations. It is not
obvious, however, that the statistics of the phase fluctuatious of
ionospherically propagated signals have the necessary properties in
order for the incoherent approach to work. Therefoie. the technique
and implementation described here are based on cohcrent processing just
as is the microwave technique. The coherent processing approach is
used in this study because, as is later described, the ionosphere
appears to preserve signal coherence over distances on the order of
2-10 km. 1t was also desired that the results apply directly to
conventional large arrays which use coherent processing.

Many solutions to problems of the microwave synthetic aperture are
directly translatable to the HF implementation., A problem not encoun-
tered at microwave frequencies, however, is the distortion caused by
inhomogeneities in the propagating media, The ionospheric distortion
may not limit the performance of arrays of about 2 to 10 km in length;
however, the induced signal incoherence may be severe for arrays longer
than 10 or 20 km. To determine the effect of the inhomogeneities on
the performance of an HF array it is necessary to know the spatial and
temporal statistics of the amplitude and phase distortion of obliquely
propagated HF signals., While much is known about such ionosrheric
inhomogeneities, as is described below, there are many unanswered
questions which the synthetic aperture experiment might help answer.

The ionosphere is composed of free ions, electrons and neutral
particles as a result of solar radiation interaction with the earth's
atmosphere. The electrons exert the major influence on FF radio signals
by decreasing the refractive index thus causing radio rays from the
earth to bend and return to earth. Although the process is often a
gradual bending of the ray the term reflection is used to emphasize the
major effect. The maximuw electron density is near 300 km (which varies
diurnally and seasonally) and drops off nearly monotonically to approxi-

mately zero both near the earth and in interplanetary space. The



signals used in this study were reflected by the F layer, which is the
region of the ionosphere near the electron density maximum. At a lower
height there is sometimes a local maximum of electron density or some-
times just a variation in the rate of change with height of the electron
density which is called the E-layer. Propagation using the E-layer can
have more stable characteristics than F-layer propagation. It can be
used, however, only for distances shorter than those used in this study.
All signals used in this study were propagated via a single ionospheric
reflection, i.e., one hop. Two and three hop signals are common; how-
ever the intervening ground reflection can greatly distort the signal.

The electron density in the ionosphere is spatially inhomogeneous
as a result of many different mechanisms such as temperature fluctua-
tions, solar radiation changes, interaction of the plasma with neutral
winds and wave motions and the passage of meteors. Traveling iono-
spheric disturbances with spatial periods of 50 to 500 km are often
observed (see Georges5 for a review). Satellite-to-ground radioc
measurements6 indicate regions of the irregularities near or above the
F-region peak. Size estimates for these irregularities are on the
order of 1 km. However, the nature of the irregularities below the
F-region peak is of most interest here, since obliquely propagated HF
signals are always below this level.

Vertical incidence measurements7 and incoherent scatter observations
of traveling disturbances have also been made (see Thomes’ 9) with a
sensitivity of about 1 per cent of the ambient electron density.

The techniques mentioned above do not appear to be sensitive to the
presence of weak irregularities which apperr to exist even under quiet
conditions. To avoid confusion in interpreting results, it would be
best to make observations of the irregularities with obliquely propa-
gated HF signals if the effect of the irregularities on this type of
signal is to be determined.

The oblique measurements should Ee made using a signal propagated
by only a one hop path. The intervening ground reflection of the
multi-hop case and the interference between the several modes apparently

explains why most of the research so far conducted shows a low degree of



spatial and temporal coherence. There have been a few experiments
reported which use a single mode and significantly conclude that the
wave coherence is very good.

In a 1951 paper entitled '"Measurements of the Direction of Arrival
of Short Radio Waves Reflected at the Ionosphere,'" Bramley and Ross10
report that direction-of-arrival measurements, made at two sites
laterally separated by 27 km, were highly correlated. This suggests
that large inhomogeneities in the ionosphere are responsible for the
angle-of-arrival fluctuations. Bramley and Ross indicate that there
may also exist smaller, weaker, irregularities which could affect the
phase of HF signals., A 1953 paper by Bramle_v11 is similar to the
earlier one but investigates more fully the nature of large-scale
irregularities and their effect on angle-of-arrival measurements. The
characteristics of the large disturbances are of considerable interest
in HF direction finding. A paper reviewing this subject has been
written by Getning.12

Recent measurements made at Stanford University provided basic
information and were a motivating factor for the research described
here. These measurements indicated that one-hop signals can be more
phase coherent tharn previously thought. Delay-resolution measurements
of one-hop F-layer signals by Lynch et 3113 show that 1 to 5 usec pulses
can be propagated without significant spreading, at least during favor-
able conditions. These conditions include a midlatitude path, propa-
gating in winter at jmidday, using a one-hop F lower ray mode and an
operating frequencyfabout 70 per cent of the maximum usable frequency
(MUF). Coherent bard widths of 500 kHz are possible at least part of
the time under these conditions.

Angular resolution measurements have been made by Sweeney1 using
HF antenna elements which span 2.5 km. Mode-resolved amplitude and
phase measurements made at eight elements of this a y indicate that
the wave fronts are nearly linear for the ideal propagation conditions
described above. This implies that beam widths at least as good as
1/4 deg at 30 MHz are possible at least part of the time over a favor-

able path. In a recent paper, Fial.er14 indicates that there are weak



(1 per cent or less) slow-moving irregularities with a typical size of
about 35 km.

Mode-resolved measurements made by other researchers also indicate
a high degree of coherence for one-hop F-layer signals. A paper written
by Balser and Smith in 196215 reports on amplitude measurements made on
a 1500 km path with a lateral separation between receiving antennas of
up to 700 m. Balser and Smith assume that the amplitude variations were
caused by scattering from many inhomogeneities in the ionosphere, and
they are able to relate the amplitude correlations to the angular spread
of the scattered signals. They estimate that the spreading was about
0.2 deg in azimuth, much less than predicted in earlier research. Re-
gardless of the validity of their assumptions and conclusions of the
analysis, their experimental results, indicating a high degree of
spatial amplitude correlation in ionospherically propagated signals,
are significant. Measurements of temporal variations have been made;
however, only a few of these measure the frequency spread introduced by
the ionosphere. Sheperd and Lomax16 report frequency spreads of less
than 1/10 Hz for one-hop F or E modes.

Mode-resolved measurements of phase difference of obliquely
propagated signals at points separated by more than 3 km have apparently
not been made. Thus the upper limit on how far HF arrays can be ex-
tended and still achieve the beam widths predicted from theory has not
been determined. The synthetic-aperture technique offers the possi-
bility of determining a lower bound on the performance of large arrays.
Such a bound is determined because the temporal variations of the iono-
sphere degrade the performance of the synthetic aperture but do not

affect the fixed aperture.

C. APPROACH USED IN PRESENT STUDY

The approach used in this investigation is to show the feasibil’'ty

and determine the fundamental limitations of HF synthetic apertures by
using a simple but realistic analysis and experimental measurements de-
signed to use existing equipment and techniques whenever possible.

Three possible methods of operation have been developed for the



synthetic aperture. These methods are:

1. Operation without compensation for airplane flight
path deviations from a straight line or for
ionospheric distortion.

2, Operation with compensation for flight path deviations
by means of an airplane tracking system, but without
compensation for ionospheric distortion.

3. Operation with an HF repeater used to provide a
reference signal to compensate for both flight-path
deviations and ionospheric distortion.

The first method, in which no compensation is used, is by far the
simplest in terms of signal processing and is attractive for this reason.

The second method, in which compensation for airplane course
deviations is made, requires some technique to accurately determine the
coordinates of the plane as a function of time. Thus the measurements
will indicate the limitations imposed by the ionosphere on a synthetic
aperture,

The third method, in which compensation for airplane course
deviations and ionospheric distortion is made, offers the possibility
of obtaining extremely long synthetic apertures., The use of an HF
repeater to measure the distortion is similar to the use of a reference
beam in optical holography to reduce image distortion. It has been
shown by Goodman17 that holograms are superior to conventional incoher-
ent images if the medium through which the light passes is turbulent.
If the object and the reference beam are close enough to each other,
the random phase variations in the optical signal are cancelled because
the reference beam for the hologram and the light from the object pass
through nearly the same random variations in refractive index.

The principal features of the experimental program are:

1. Verification of airplane tracking subsystem performance.

2, Measurement of beam width achievable with synthetic
aperture when receiving a CW signal transmitted from
Bearden, Arkansas (CW forward-propagation experiment).

In this test, compensation was made for deviations of the



airplane from a linear flight path by the use of the
airplane tracking data.

3. Demonstration of feasibility of obtaining two-
dimensional backscatter data (range vs cross range)
without compensating for ionospheric distortion or
deviations of the airplane from a linear flight path.

4, Investigation of the use of an HF repeater at Bearden
to provide a reference signal in compensating for
airplane flight path deviations and ionospheric
distortion, for the purpose of obtaining extremely
high azimutha' resolution in backscatter mapping.

The CW forward propagation experiment has the advantage of much
simpler signal processing requirements, thus making it easier and less
expensive to process more data. The backscatter experiments are im-
portant, however, to illustrate application of synthetic apertures to
HF backscatter imaging. The use of both approaches also makes it
easier to compare the results obtained with both forward propagation
and backscatter studies being performed by the Stanford Radioscience
Laboratory with the 2.5 km array at Los Banos.

As indicated earlier, the experimental design was to use existing
facilities and equipment whenever possible. Thus the Stanford Radio-
science Laboratory's existing wide-band, high-power, narrow-beam
transmitter at Lost Hills, California, the transmitter and repeater at
Bearden, Arkansas, and the swept frequency CW (SFCW) sounding equipment
were all part of the design. The digital computer processing is avail-
able at Stanford and allows considerable flexibility in specifying and
changing the signal processing. It is expensive to use a large computer
such as the IBM 360; but as only a few backscatter images were to be
made, this was cheaper than other approaches. The use of a digital
computer also makes it possible to implement more complex signal

processing techniques,

D. CONTRIBUTIONS OF THIS RESEARCH

During the course of this research the following original

contributions were made in the field of ionospheric propagation of HF

radio signals:



A portable HF radio antenna aperture of up to 70 km

in length was synthesized by installing receiving
equipment aboard an airplane which flew a substantially
straight course while receiving ionospherically
propagated signals. It is believed that this long
synthetic aperture is the first in the world to be
developed for operation at HF,

A theoretical analysis was made to predict the
performance of such a syathetic aperture, determine
its limitations and compare its perfori:ance with
that of a ground-based fixed antenna array.

The problem of restoring signals to their undistorted
form was studied for application to HF synthetic
apertures. The improvement afforded by a reference
signal was calculated in order to predict how far a
point to be imaged could be from the reference and
still have a small degree of distortion,

Using such compensation techniques it was shown
experimentally that a very high degree of azimuthal
resolution can be obtained within 3 to 5 km of an
HF repeater used as a reference signal. An HF
backscatter map using a 70 km aperture was made
showing a second repeater used to simulate ground
backscatter,

It was also shown experimentally that synthetic
apertures 6 to 10 km in length can be used effectively
at least part of the time (i.e., under favorable
ionospheric conditions) if compensation for only
flight path deviations are made,
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IT. ANALYSIS OF AN HF SYNTHETIC APERTURE

A. BASIC RELATIONSHIPS

The use of a synthetic aperture for HF radio reception is a
technique for obtaining the narrow beam width (high azimuthal resolution)
possible with a large aperture by moving a small aperture rapidly over
a large distance. Consider a sequence of HF pulses from a distant fixed
source with a period of Tf sec. The pulses are identical, and each
pulse has a plane wave front. A small receiving antenna moves at a
uniform velocity of vy m/sec, as shown in Fig. 1. The antenna, in
effect, samples each arriving pulse at uniformly spaced points along
the wave front. If N pulses are coherently processed, the result
should be equivalent to that obtained if signals were processed from N

fixed elements spaced T v, meters apart along the flight path of the

f
airplane. The beam width of the synthetic aperture is equal to the wave
length A\ divided by the total equivalent aperture length N Tf v, s

or A/N T v, radians beam width.
An equivalent point of view considers the frequency shift

("doppler") introduced by the motion of the receiving antenna. If N
pulses are cohecently processed, the integration time is N Tf sec,
and the frequency (dcppler) resolution is 1/N T, Hz. This resolution
is a measure of how closely spaced in frequency two signals can be, and
yet be distinguished from each other. A distant source whose signal
arrives perpendicularly to the path of motion of the antenna has zero
doppler shift. A source & radians from the first has a doppler shift

fd given by

f, = —sin @ .

For small © , where sin & = 8 , the angular resolution is the "doppler

resolution" (1/N Tf) times )\/va , giving a resolution of A/(N Tf va)

1 praceding page blank
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radians. Thus the analysis gives the same conclusion regardless of the
point of view.

The first point of view--i.e., that of an equivalent array fixed
in space--will be taken to describe the performance of the synthetic
array. Although the synthetic array is actually composed of discrete
equivalent elements, it is convenient to describe its performance in
terms of continuous rather than discrete variables. It is assumed that
in practice the elements of the array are close enough together to avoid
a problem of multiple side lobes caused by spatial aliasing ('grating
lobes").

Let the received signal voltage at a point x along the array of

length L be represented by the real part of

s(x) = A(x) ejw(x) ,

where A(x)

the amplitude of the received signal

the "phase'-~i.e., the phase difference between
the incident wave and the local oscillator of
the receiver.

9 (x)

Let S(8) be the complex angular distribution of signal amplitude

and phase; then (see Bracewellls)

L/2
1 2 mx sin 9) dx (1)

s@) = ¢ ‘5 s(x) eXP(-J x
-L/2

For small angles (sin © =6) , Eq. (1) becomes a Fourier transform
with the quantity ©/A interpreted as a spatial frequency.
If the signal amplitude across an aperture of length L 1is unity,

and the phase ¢ is linear according to the relation

13



e
P(x) = zn—;’x ,

where 60 is a constant expressed in radians, then the distribution of
received power vs angle (often called the "array power pattern'") is

given by:

n(e - SO) L 2

2 sin X
5@ = mE -6 L : (2)
—_—

The resolution of the antenna is determined by its beam width and
side-lobe level, The beam width is often defined as the width of the
main lobe of the antenna at thé half-power point (3 dB below the peak),
although a point 10 or 20 dB down is also often used. The 3 dB width
of the antenna pattern described by Eq. (2) is about A/L radians. The
larpest side lobe is 13 dB below the peak. Techniques to reduce the
side-lobe level are well known,19 and one of the simplest will be used
here. The reduction is achieved by multiplying the data along the

aperture by a weighting function W(x) given by:

(XY

15 ok AT X -%<X<
W(x) = (3)

0 otherwise

The effect of the weighting is to broaden the main lobe slightly and to

reduce the largest side lobe amplitude to approximately 30 dB below the

peak amplitude.
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B. EFFECT OF IONOSPHERIC IRREGULARITIES ON A FIXED HF ARRAY

The angular resolution of an antenna may be lost if the wave fronts
are no longer planar as was assumed in the initial model. Wave-front
distortion can be caused by irregulavities in the medium through which
the signal passes. A statistical model of these wave-front distortions
is used to analyze their effect on the array. The array performance is
characterized by the statistical expectation (mean) of its power pattermn.

The random wave-front distortion can be considered to be made up of
two components, a random tilt or change in the apparent direction of
arrival of a signal, and the variations about the tilt (see Fig. 2).

A changing random wave-front tilt displaces in azimuthal angle the
signals received by the array, but does not degrade the resolution by
widening the main lobe or increasing the side lobes if the data are
collected, or time averaged, in a time interval short relative to the
time required for changes in the wave-front tilt. This case is referred
to here as the short-term average.case. 1In the long-term average case
the changing wave front tilt will smear the received signal in azimuthal
angle. The situation is analogous to photography with a moving camera.
The blurring caused by the camera motion can be reduced by making the
film exposure-time interval shorter. The analysis for the long-term
average therefore includes the effect of changing random wave-front
tilts, while the short-term average excludes them. Each equivalent
element of a synthetic aperture receives data essentially instantane-
ously; therefore the short-term average case also applies to synthetic
apertures regardless of the temporal variation of the propagation medium.

The distinction between long- and short-term has been made in the
context of optical imaging by Fried20 and Heidbreder.21 Their analyses
are more complicated and more difficult to interpret than that to be
presented here, because they used an accurate but awkward definition
of wave front tilt, and also because they characterized the wave front
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